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We introduce electron-like and hole-like distribution functions, which determine the currents and
the fluctuation spectra of the currents measured at a normal-conductor—superconductor hetero-
structure. These distribution functions are expressed with the help of newly defined partial densities
of states for hetero-structures. Voltage measurements using a weakly coupled contact on such a
structure show the absence of a contact resistance to the superconducting reservoir and illustrate
how the interface to the superconductor acts as an Andreev mirror. We also discuss the current-
current correlations measured at two normal contacts and argue that the appearance of positive
correlations is a purely mesoscopic effect, which vanishes in the limit of a large number of channels
and in the average over an ensemble.
PACS numbers: 73.20.At, 74.50.+r, 72.70.+m, 73.23.-b
I. INTRODUCTION
The properties of a phase-coherent normal conductor
can be drastically changed by the presence of a nearby
superconductor (N − S system). At the interface to the
superconductor electrons with energies smaller than the
superconducting gap are Andreev reflected [1,2] and scat-
tered back as holes, thus inducing superconducting be-
havior in the normal conductor. This process is known
under the name proximity effect and has during the last
few years extensively been studied experimentally [3–7]
and theoretically [8]. In particular, Gue´ron et al. [6] suc-
ceded in measuring the opening of a gap in the local
density of states of a normal conductor in the neighbor-
hood of a superconductor using tunneling into a spa-
cially extended contact. In the theoretical treatment,
most often, the influence of the superconductor on a
disordered normal conductor is studied using a semi-
classical Green’s function technique [9]. We investigate
here phase-coherentN−S structures in a fully quantum-
mechanical framework and show the influence of the su-
perconductor on measurements done at a normal contact,
which is weakly coupled to the hetero-structure. We give
a quantum-mechanical expression of the particle and hole
distribution functions of a structure that can be either
ballistic, containing few scatterers (clean) or disordered
and treated in the ensemble average. These expressions
are based on newly defined partial densities of states for
hybrid structures [10]. One of the most striking effects
is that the correlations of currents at two normal con-
tacts can become positive due to the bosonic correlations
induced in the normal conductor by the nearby super-
conductor [11–13]. We present a geometry that leads to
positive correlations and argue that such positive corre-
lations are truly mesoscopic and will vanish if one goes
to the limit of a large number of channels or performs
averages over disorder.
FIG. 1. A normal-conductor—superconductor
hetero-structure. The normal conducting side has two ter-
minals, one of which, the tip, is only weakly coupled to the
rest of the system. The gray shaded area can be disordered
or ballistic.
II. THE EFFECTIVE SCATTERING MATRIX
We consider an N − S hetero-structure consisting of a
normal conducting part connected to a superconductor.
The superconductor represents one terminal whereas the
normal conducting part is connected to N normal con-
ducting terminals. In Fig. 1 such a structure with N = 2
normal contacts is drawn schematically. One of the nor-
mal contacts is only weakly coupled to the rest of the
system just next to the interface to the superconduc-
tor. Such a setup permits to compare local properties of
a normal wire connected to two normal reservoirs with
the properties of a normal wire connected to one normal
and one superconducting reservoir. An additional nor-
mal contact on a heterostructure has also been used by
Mortensen et al. [14] to investigate dephasing, thus gen-
eralizing Bu¨ttiker’s model [15] based on dephasing reser-
voirs for heterostructures.
At applied potentials and temperatures much smaller
than the gap of the superconductor, we are interested
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in the scattering properties of electrons injected through
one of the normal contacts of an N − S hetero-structure
as e. g. the one shown in Fig. 1. The normal part can
be disordered and is described by the self-consistently
calculated equilibrium electrostatic potential U(x). The
Hamiltonian describing the normal part of the hetero-
structure can be written as a 2×2 blockmatrix Ĥ , which
acts in the combined particle and hole space (Nambu
space),
Ĥ =
(
− h¯2
2m∇2 + qeUe(x) 0
0 h¯
2
2m∇2 + qhUh(x)
)
. (1)
Here, we introduced the electron charge qh = e, the hole
charge qh = −e and the electron and hole potentials
Ue(x) = Uh(x) = U(x).
Let us first consider the case, where the superconduc-
tor is replaced by a normal conductor. The Green’s func-
tion of the disordered part containing the coupling to the
N + 1 contacts and the scattering matrix describing the
scattering of particles between the N + 1 contacts can
then be written in Nambu space as 2× 2 block-diagonal
matrices [16],
Ĝ = (E − Ĥ + ipiΓ̂)−1 , (2)
Û = 1− 2piiŴ †ĜŴ . (3)
We extended the coupling matrix W for electrons to a
coupling matrix for electrons and holes
Ŵ =
(
W 0
0 W ∗
)
, (4)
and Γ̂ = ŴŴ †. The Green’s function Ĝ and the scat-
tering matrix Û are block-diagonal matrices. In a purely
normal-conducting system there is no mixing between
particle and hole space.
The presence of a superconductor mixes now these two
spaces. Incoming particles can be reflected as holes and
vice versa. We assume that the interface between the nor-
mal conductor and the superconductor is perfectly trans-
parent. All disorder is contained in the normal part of
the system. The scattering between particles and holes at
the interface is at the Fermi energy (the chemical poten-
tial of the condensate in the superconductor) described
by the Andreev-reflection matrix [2]
RA =
(
0 −i
−i 0
)
. (5)
This is a 2×2 block-matrix with each block being a diag-
onal matrix of the size of the number of channels at the
interface. Putting the scattering matrix Û of the normal
region together with the Andreev reflection matrix gives
the effective scattering matrix
Ŝ =
(
See Seh
She Shh
)
(6)
describing the scattering between the N normal contacts.
We now divide the scattering matrix
Û =
(
Û00 Û01
Û10 Û11
)
(7)
in such a way that the index 0 denotes the electron and
hole channels at the superconducting interface and the
index 1 denotes all channels of all N normal contacts.
The effective scattering matrix can then be written in
the following compact form,
Ŝ = Û11 + Û10(1−RAÛ00)−1RAÛ01 . (8)
This effective scattering matrix is now not anymore di-
agonal, but contains sub-matrices She and Seh which de-
scribe scattering of incoming particles which are reflected
as holes and incoming holes reflected as particles. It can
be shown that we can also express this effective scattering
matrix in the same form as in Eqs. (2) and (3),
Ŝ = 1− 2piiŴ †
1
ĜeffŴ1 , (9)
Ĝeff = (E − Ĥeff + ipiΓ̂1)−1 (10)
by introducing the effective Hamiltonian [17]
Ĥeff =
(
H −piW0W t0
−pi(W0W t0)∗ −H∗
)
(11)
and where we divided the coupling matrix W up into
a part W0 describing the coupling to the superconduct-
ing contact and a part W1 describing the coupling to all
normal contacts. We now define the fundamental local
partial densities of states for an N − S hybrid structure
in analogy to the definition for normal systems in [18] as
ν(αµ, xν , βλ) = − 1
4pii
Tr
{(
sµλαβ
)† δsµλαβ
qνδUν(x)
−
δ
(
sµλαβ
)†
qνδUν(x)
sµλαβ
 . (12)
Here, the indices α and β denote the normal contacts of
the system and the indices µ, ν and λ distinguish be-
tween electrons and holes. As an example, ν(2h, xe, 1e)
gives the electronic density at point x of an electron that
entered the system through contact 1 and left the system
as a hole in contact 2. The usefulness of such a definition
will become clear soon and is also shown in connection
with charge fluctuations of a heterostructure in [19]. We
proceed by defining the electron like injectivity of a con-
tact β as
ν(xe, βe) =
∑
α,µ
ν(αµ, xe, βe) (13)
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and the hole-like injectivity as
ν(xh, βe) =
∑
α,µ
ν(αµ, xh, βe) . (14)
The electron-like injectivity gives the electronic density
inside the conductor of an incoming electron from the
reservoir and the hole-like injectivity gives the hole den-
sity of an incoming electron. Expressed with the help of
the effective Green’s function Ĝeff these densities are
ν(xe, βe) = 〈x|GeeeffΓeβ(Geeeff )†|x〉 , (15)
ν(xh, βe) = 〈x|GheeffΓeβ(Gheeff )†|x〉 . (16)
In the same way, we can define electron- and hole-like
emissivities of a contact α, ν(αµ, xν), by summing the
local partial density ν(αµ, xν , βλ) over the incoming con-
tacts βλ. In the presence of a magnetic field B we have
the following symmetry relations,
νB(xµ, 1ν) = ν−B(1ν , xµ) , (17)
νB(xe, 1e) = ν−B(xh, 1h) , (18)
νB(xh, 1e) = ν−B(xe, 1h) . (19)
The local density of states at a point x is the sum
ν(x) =
1
2
∑
β,µ,λ
ν(xµ, βλ)
= − 1
2pi
Im[Geeeff (x, x) +G
hh
eff (x, x)] . (20)
The electronic and hole-like injectivity can also be ex-
pressed with the help of scattering states. In the presence
of superconductivity, the wavefunction ψ of an incom-
ing electron consists of two components, one being the
electron wavefunction ψe and one being the hole wave-
function ψh. The amplitude of the scattering state ψβn
describing an incoming electron in channel n of contact
β is then at a point x
ψβn(x) =
(
ψeβn(x)
ψhβn(x)
)
. (21)
The injectivities are proportional to the absolute squares
of the electron and hole wavefunction,
ν(xe, βe) =
∑
n∈β
1
hvβn
|ψeβn(x)|2 , (22)
ν(xh, βe) =
∑
n∈β
1
hvβn
|ψhβn(x)|2 . (23)
With the help of the symmetry relations (17)-(19) the
emisiivites can be expressed using the scattering states
of the Hamiltonian with the reversed magnetic field.
III. THE DISTRIBUTION FUNCTIONS
We consider now an N − S structure to which on the
normal conductor a local tunneling contact is added as
shown in figure 1. We have therefore a setup with three
contacts, two of which are normal and one superconduct-
ing contact. At small temperatures and applied poten-
tials µα measured relative to the electro-chemical poten-
tial of the superconductor the average current at a con-
tact α is [20]
〈Iα〉 =
∑
µ
〈Iµα〉
=
∑
µ
qµ
h
∫ ∞
0
dE
∑
βν
T µναβ [f
µ
α (E)− fνβ (E)] . (24)
The indices µ and ν distinguish between electrons and
holes and α and β label the normal contacts. The nor-
mal and Andreev transmission and reflection probabili-
ties T µναβ are calculated from the effetive scattering matrix
Ŝ,
T µναβ = Tr
[
sµναβ(s
µν
αβ)
†
]
. (25)
The distribution functions of electrons and holes f
e/h
α in-
jected from a normal reservoir α are
feα(E) = f0(µα − E) and fhα(E) = f0(−µα − E) (26)
with the Fermi distribution function f0(ε) =
(exp(−ε/kT ) + 1)−1. Note, that in Eq. (24) we inte-
grate only from zero, the electro-chemical potential of
the superconductor, to infinity in order to avoid double
counting. In the absence of a superconductor (i. e. re-
placing the Andreev reflection by normal reflection) the
current formula (24) reduces to the well known equation
for purely normal systems [21].
For temperatures and potential differences that are
much smaller than the superconducting gap, we can ne-
glect the energy dependence of the Andreev reflection
matrix. For the current at the tunneling contact we need
the transmission probabilities from and to the massive
contact to first order in the coupling constant t,
T µνtip,1 = 4pi
2νtip|t|2ν(xµ, 1ν) , (27)
T µν
1,tip = 4pi
2ν(1µ, xν)|t|2νtip . (28)
Here, νtip is the density of states at the tip. Using these
transmission probabilities we can rewrite Eq. (24) in the
form of a two-terminal current,
〈Itip〉 = e
h
∫ ∞
0
dEG(x) [ (fetip(E)− feeff (E))
− (fhtip(E)− fheff (E))
]
. (29)
Here, we defined the effective distribution of electrons
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feeff (E) =
∑
βν
ν(xe, βν)
ν(x)
fνβ (E) (30)
and of holes
fheff (E) =
∑
βν
ν(xh, βν)
ν(x)
fνβ (E) (31)
at a point x inside the conductor. Due to the possibility
of Andreev reflection, injected electrons can contribute to
the distribution of holes and injected holes can contribute
to the distribution of electrons. Equations (29)-(31) are
central results of this paper and represent a generaliza-
tion of similar formulas developed in [22] for purely nor-
mal conducting systems.
At zero temperature the distribution function of elec-
trons and holes can be replaced by step functions,
feα(E) = θ(µα − E) and fhα(E) = θ(−µα − E) . (32)
Using these distribution functions in (24) and neglecting
the energy dependence of the transmission probabilities
the currents at the contacts are in linear response to the
applied bias determined by the transmission and reflec-
tion probabilities at the Fermi energy,
〈Itip〉 = e
2
h
(Ntip − T eetip,tip + T hetip,tip)µtip
+
e2
h
(T hetip,1 − T eetip,1)µ1
=
e2
h
(T he1,tip + T
ee
1,tip + 2T
he
tip,tip)µtip
+
e2
h
(T hetip,1 − T eetip,1)µ1 , (33)
where we used the unitarity of the scattering matrix in
the second step. In the absence of a magnetic field, we
can use the identities, Eqs. (17)-(19) to replace the emis-
sivities by the injectivities. In addition, we see that the
Andreev reflection probability T hetip,tip is of the order |t|4
so that we can neglect it in (33). With the abbreviation
G = (e2/h)4pi2νtip|t|2ν(x) we can then write
〈Itip〉 = G
(
µtip − q(x)
p(x)
µ1
)
. (34)
Here, we introduced the particle density p(x) and the
charge density q(x) by
p(x) = ν(xe, 1e) + ν(xh, 1e) , (35)
q(x) = ν(xe, 1e)− ν(xh, 1e) . (36)
Note, that in this definition the charge density does not
contain a factor e but does only count the electron in-
jectivity positive and the hole injectivity negative. Using
the tip as a perfect voltage probe, i. e. setting Itip = 0,
gives
µtip =
q(x)
p(x)
µ1 . (37)
If the hole-like injectivity is zero, i. e. the electrons don’t
see the superconductor, the tunneling tip measures the
electro-chemical potential µ1 of contact 1. In the follow-
ing chapter we will discuss further examples.
A. Examples
We use Eq. (37) to investigate some N − S structures
where one normal contact is connected to a superconduc-
tor. The interface between the normal conductor and the
superconductor is always perfectly transparent, while the
normal conductor can be ballistic or contain scattering
regions.
First we consider a perfect ballistic normal conductor.
Since all electrons that enter the conductor propagate to
the superconducting interface, where they are Andreev
reflected as holes, the electron- and hole-injectivities are
everywhere in the ballistic region identical. We have
ν(xe, 1e) = ν(xh, 1e) and therefore the measured poten-
tial at the tip µtip is always zero, i. e. equal to the chem-
ical potential of the superconductor.
Next, we consider a normal one-channel conductor
which contains a scattering region. The scattering re-
gion is characterized by a scattering matrix leading to
the transmission probability T and reflection probability
R. In between the scattering region and the interface to
the superconductor electron- and hole-injectivity are the
same, so that a voltage probe measures in this region al-
ways the potential of the superconductor. To the left of
the scattering region, away from the superconductor, the
electron- and hole-injectivities are given by the normal-
and Andreev-reflection probabilities,
ν(xe, 1e) = 1 + T
ee and ν(xh, 1e) = T
he, (38)
where the Andreev-reflection probability is
T he =
T 2
(2 − T )2 (39)
and the normal reflection is T ee = 1 − T he. In calcu-
lating the injectivities above we neglected the fast oscil-
lating interference terms between incoming and reflected
waves. Using these injectivities, the measured potential,
Eq. (37), to the left of the scatterer is
µtip = T
eeµ1 =
4(1− T )
(2− T )2 µ1 . (40)
The voltage drop from the normal reservoir to the left
side of the scattering region is µ1 − µtip = T heµ1. If we
divide this voltage drop by the current I = 2(e/h)T heµ1
flowing through the sample we get the contact resistance
RC = µ1 − µtip
eI
=
h
2e2
. (41)
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Since one measures on the right side of the scattering
region always the chemical potential of the superconduc-
tor, there is no contact resistance on the superconducting
side. The total contact resistance of an N − S structure
is therefore half as big as the one for a purely normal
system. This is in agreement with the findings in Refs.
[23] and [24].
As a last example we consider a metallic diffusive con-
ductor in the ensemble average. The diffusive region ex-
tends from x = 0 to x = L, where it is in contact with
a superconductor. Its length L is much bigger than its
width W so that it is justified to treat the diffusion to be
effectively one-dimensional in the ensemble average. We
have to find the electron- and hole injectivity. For this
we have to solve the differential equations
d2
dx2
ν(xe, 1e) = 0 and
d2
dx2
ν(xh, 1e) = 0 (42)
with the boundary conditions ν(x = 0e, 1e) = ν0 and
ν(x = 0h, 1e) = 0, where ν0 = m
⋆/2pih¯2 is the two dimen-
sional density of states. In addition, due to the transpar-
ent interface and the perfect Andreev reflection we have
ν(x = Le, 1e) = ν(x = Lh, 1e) and due to particle num-
ber conservation we have ν(xe, 1e)+ν(xh, 1e) = ν0. Solv-
ing the differential equations using the boundary condi-
tions we get the injectivities
ν(xe, 1e) = ν0
(
1− x
2L
)
and ν(xh, 1e) = ν0
x
2L
. (43)
Note here, that these densities look like the densities of
a diffusive conductor of length 2L connected to two nor-
mal contacts [22]. The potential µtip(x) measured at a
position x along the diffusive conductor is
µtip(x) =
(
1− x
L
)
µ1 , (44)
which means, that there is a linear voltage drop along the
diffusive conductor from µ1 on the left side to zero, the
electro-chemical potential of the superconductor, at the
interface. Thus, attaching a superconductor to a normal
diffusive wire does not change the voltage measurement
along the wire.
IV. CURRENT FLUCTUATIONS AND POSITIVE
CORRELATIONS
In this section we investigate the time dependent cur-
rent measured at a normal contact in the presence of su-
perconductivity. The system we consider consists of sev-
eral normal contacts and one superconducting contact.
In order to describe the time dependent current it is use-
ful to use the formulation of second quantization. We
closely follow the lines of Ref. [21], where the theory was
developed for purely normal conducting systems. The es-
sential point in the presence of superconductivity is, that
at energies which are small compared to the supercon-
ducting gap, there are no propagating quasiparticles in-
side the superconductor. The superconductor influences
the normal part of the system only by reflecting electrons
as holes and vice versa and generating a supercurrent in-
side the superconductor. A similar derivation of current
correlations for multiterminal N − S hybrid structures
has already been given by Anantram and Datta in Ref.
[11]. Statistical particle counting arguments have been
used by Martin in [12].
First we need the current operator Iˆα(t) for the current
in lead α. The current consists of two parts, the current
carried by the electrons, Iˆeα(t), and the current carried
by the holes, Iˆhα(t). The total current is the sum of these
two currents which are given by
Iˆµα(t) =
qµ
h
∫ ∞
0
dEdE′
∑
βν
γλ
(aˆνβ)
†(E)Aβν,γλ(αµ;E,E
′)aˆλγ(E
′)
× exp[i(E − E′)t/h¯] (45)
with the current matrix
Aβν,γλ(αµ;E,E
′) = δβν,αµδγλ,αµ − (sµναβ)†(E)sµλαγ(E′) .
(46)
The indices α, β and γ enumerate the normal leads and
the indices µ, ν, λ = e, h. All energies have to be mea-
sured relative to the electro-chemical potential of the su-
perconductor. We can now continue like in Ref. [21] to
find the low-frequency spectrum of the current correla-
tions [11],
〈∆Iµα∆Iνβ 〉 = 2
qµqν
h
∑
γλ
δκ
∫ ∞
0
dETr [Aγλ,δκ(αµ)Aδκ,γλ(βν)]
×fλγ (E)(1 − fκδ (E)) . (47)
In this expression both energy arguments in the current
matrix are equal to E and the distribution functions are
the ones given in Eq. (26). Eq. (47) is in fact equivalent
to Eq. (1.16) of Ref. [21] if we keep in mind that, in the
superconducting case, we replaced the scattering matrix
between N +1 normal contacts by an effective scattering
matrix between 2N contacts (contacts for electrons and
holes counted separately) labelled by pairs of indices αµ.
As the normal (N + 1)× (N + 1) scattering matrix, the
effective 2N × 2N scattering matrix is unitary. The in-
tegral in Eq. (47) goes only from zero to infinity because
we add particle and hole excitations.
Now we can apply this formula to an N − S system
which has an additional local tunneling contact, called
tip (c. f. figure 1). The fluctuations of the currents at the
tip are
〈(∆Itip)2〉 = 〈(∆Ietip)2〉+ 〈(∆Ihtip)2〉+ 2〈∆Ietip∆Ihtip〉 .
(48)
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We have to evaluate the current matrix using the effective
scattering matrix for this system. To the lowest order in
the coupling strength t of the tip this gives
〈(∆Itip)2〉 = 2e
2
h
4pi2νtip|t|2 [ν(xe, 1e)(µ1 − µtip)
+ ν(xe, 1h)µtip + ν(xh, 1e)µ1] . (49)
If we chose the electrochemical potential at the tip ac-
cording to Eq. (37) such that there is on average zero
current flowing into the tip, we can write for the current
fluctuations at the tip
〈(∆Itip)2〉 = 8eG0V ν(xe, 1e)
ν(x)
(
1− ν(xe, 1e)
ν(x)
)
(50)
with G0 = (e
2/h)4pi2νtip|t|2ν(x) and the applied bias
eV = µ1.
A. Examples of current fluctuations
In a ballistic conductor electron- and hole-injectivity
are identical so that the fluctuations at the tip become,
〈(∆Itip)2〉 = 2eG0V . (51)
We compare this result with the case where the super-
conductor is replaced by a normal conductor found in
[22], 〈(∆Itip)2〉 = eGN0 V , with the conductance GN0 =
(e2/h)4pi2νtip|t|2 [ν(x, 1) + ν(x, 0)]. Switching on super-
conductivity thus doubled the noise measured at the
weakly coupled contact. A doubling of the fluctuations of
the current at a normal ballistic wire which is connected
to a superconductor is also found in [25] and [26].
The next example is a normal conductor with a scat-
terer of transmission probability T . Using the electron-
and hole-injectivity for such a system to the left of the
scatterer and neglecting phase coherence, Eqs. (38), gives
the noise spectrum,
〈(∆Itip)2〉 = 2eG0V T he(2− T he) . (52)
Again, comparing this expression to the result for a nor-
mal wire [22] shows the appearance of a factor of two
in the superconducting case and the appearance of the
Andreev reflection probability T he instead of the normal
transmission probability T .
The last and most interesting example is the metallic
diffusive wire. Inserting the corresponding injectivities,
Eqs. (43), into the expression for the current fluctuations
yields
〈(∆Itip)2〉 = 8eG0V x
2L
(
1− x
2L
)
. (53)
This can be compared with the one obtained for a purely
normal conductor, 〈(∆Itip)2〉 = 4eGV xL(1− xL). Whereas
the voltage measurement showed the same linear voltage
drop over a diffusive region in the purely normal case as
well as in the case where the diffusive part is in contact
with a superconductor, the fluctuation spectrum mea-
sured at the tip shows a different behaviour. The fluc-
tuations are maximal at the interface x = L and vanish
at the contact to the normal reservoir x = 0. This can
be understood, if we think of the interface to the su-
perconductor as a mirror thus representing the middle
of a fictitious wire of length 2L which continues after
the interface into the superconductor [27]. However, at
the interface to the superconductor, the measured fluc-
tuations are 〈(∆Itip)2〉 = 2eG0V , twice as large as the
fluctuations measured in the middle of a purely normal
wire. We could also compare the normal wire of length
2L with a wire of length L connected to a superconduc-
tor. Then, on the first half of the purely normal wire
(0 < x < L), the correlations of the purely normal and
the hybrid structure differ in exactly a factor of two.
B. Examples of current cross-correlations
In this section we investigate the correlations of the
currents measured at two normal contacts of a normal-
superconducting hybrid structure starting from equation
(47). The system we consider is again shown in figure 1.
For purely normal systems, the correlations of fermions
are due to their exclusion statistic always negative. How-
ever, the presence of a nearby superconductor induces
bosonic correlations between the electrons in a normal
conductor. It was therefore shown by analytic calcu-
lations in [11,12] that the bosonic character of electron
pairs can in principle lead to positive correlations of the
currents at two normal contacts. In [11] one could in
fact find through numerical investigation positive corre-
lations at two normal contacts, which were sandwiched in
between a ring shaped superconductor representing the
third terminal. Very recently, positive correlations were
found for a system consisting of a wave splitter connected
to a superconductor [13]. We show here in an analytic
calculation that one can get positive correlations on a sys-
tem where one of the two normal contacts is only weakly
coupled. The calculation presented below sheds light on
the truely mesoscopic origin of these positive correlations.
The existence of positive correlations is in contrast to the
recently measured negative correlations on purely normal
conductors by Henny et al. [28] and Oliver et al. [29].
The contact 1 is held at the same potential as the su-
perconductor whereas a bias V is applied at the tip. We
restrict ourselves to the case of zero temperature. Then
only the Fermi distribution function fe2 (E) of the elec-
trons in the tip is different from zero,
fe2 (E) = θ(eV − E) , (54)
all other distribution functions vanish (One has to keep
in mind that we are only interested in the distribution
function for energies which are larger than the electro-
chemical potential of the superconductor). We have
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now to evaluate the general formula for the current-
correlations using these Fermi functions. We expand the
effective scattering matrix for scattering between the two
normal contacts in powers of the coupling energy t and
get the following correlations,
〈∆Ie
1
∆Ietip〉 = −α4pi2νtip|t|2ν(xe, 1e) , (55)
〈∆Ih
1
∆Ietip〉 = α4pi2νtip|t|2ν(xe, 1h) , (56)
〈∆Ie1∆Ihtip〉 = 〈∆Ih1∆Ihtip〉 = 0 , (57)
with α = 2 e
2
h eV . The total correlation of the currents
at contact 1 and 2 is the sum of all four terms. In the
absence of a magnetic field, the correlations are propor-
tional to the injected charge density q(x) = ν(xe, 1e) −
ν(xh, 1e),
〈∆I1∆Itip〉 = −2ee
2
h
V 4pi2νtip|t|2q(x)
= −2eG0V q(x)
p(x)
(58)
with the conductance G0 defined as for equation (50).
This means, that if at the point x the hole density of
in contact 1 injected electrons is larger than the electron
density, the net injected charge density becomes nega-
tive and therefore, the correlations become positive. The
electron and hole injectivity are proportional to the ab-
solute squared value of the corresponding wavefunction
amplitude. For a system consisting of a barrier in the
normal conducting part the wavefunction of an injected
electron in contact 1 is to the left of the barrier given by
ψ1e(xe) = e
ikx + reee−ikx , (59)
ψ1e(xh) = r
hee−ikx . (60)
Here, ree =
√
Ree is the normal reflection amplitude and
rhe =
√
Rhe is the Andreev reflection amplitude. For
simplicity, we chose these two amplitudes to be real. The
injected charge density at a point x is then
q(x) =
2
hv
{
Ree +
√
Ree cos(2kx)
}
. (61)
One sees immediately, that, since 0 ≤ Ree ≤ 1, one can
find for every Ree positions where the charge density is
negative and the measured correlations become positive.
Note, however, that this is only the case if one respects
the phase coherence of incoming and reflected wave (as
it is done in the above calculation). If phase coherence
is neglected, the cosine term disappears and the injected
charge is always positive. (Remember that we defined
the charge density q(x) such that it is positive if there
is a net electronic charge in the system and negative if
there is a net hole charge.) Similarly, the cosine term
averages out if one considers a phase-coherent conductor
with N ≫ 1 open channels. If we assume to have no in-
terchannel scattering and that the reflection amplitudes
Reem ≡ R are independent of the channel index m, the
charge density at a point x is
q(x) =
N∑
m=1
2
hvm
[
R+
√
R cos(2kmx− δm)
]
, (62)
with the scattering phase shifts δm. It is easily seen, that
the cosine terms will cancel out for randomly distributed
phase shifts, thus destroying the possibility of positive
correlations. Neither does one get positive correlations
for a metallic diffusive wire in the ensemble average us-
ing the above derived densities. Positive correlations are
therefore, at least in the setup described here, a truly
mesoscopic effect and can only be expected to be seen on
one or few channel conductors that preserve the phase
coherence. Up to now all examples exhibiting positive
correlations [11–13] were perfectly phase coherent one
channel conductors in the neighborhood of a supercon-
ductor. Furthermore, it is instructive to note that Ref.
[11] finds a sign change of the correlations as a function
of the Aharonov-Bohm flux, which determines the phase
difference at the two interfaces to the superconductor.
This also points to a purely mesoscopic effect. Thus the
picture which emerges is that in hybrid systems there is a
mesoscopic effect of order 1/N , which can give a positive
contribution in correlations. The main part (of order 1)
has the sign observed in normal conductors.
V. CONCLUSIONS
We have used the effective scattering matrix to de-
fine fundamental partial densities of states, Eq. (12), for
systems containing normal and superconducting parts.
These partial densities and the injectivities and emissiv-
ities constructed from them are shown to be very useful
in the description of current and current fluctuations and
correlations measured at the normal contacts of a hybrid
structure. The current at a tunnteling tip is sensitive to
the effective distributions of electrons and holes inside
a normal multiprobe conductor to which one supercon-
ducting reservoir is attached. The local distributions are
evaluated for conductors containing a single scatterer and
for disordered conductors in the ensemble average. We
also gave an example illustrating the possibility of posi-
tive correlations of the currents at two normal contacts
due to induced bosonic behaviour. However, we reasoned
that positive correlations are a mesoscopic (1/N) effect,
which experimentally can only be expected to be observ-
able on conductors containing very few open channels.
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